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Abstract 
Mine haulage drifts are the arteries of any mine, as they are used to transport the valuable ore out of the mining zones 
as well as to move operators and equipment. Hence, their stability is crucial in underground mines. Drift instability 
could lead to serious consequences such as injuries, production delays and higher operational cost. This paper 
examines the issue of haulage drift safety, and probabilistic methods are used to assess drift unsatisfactory 
performance. Criteria used to define drift unsatisfactory conditions are: extent of yielding, and brittle shear failure. 
The Monte–Carlo Simulation (MCS) technique is used in conjunction with finite difference modelling software 
FLAC for random assignment of model input parameters in the FLAC grid. Comparison between these different 
unsatisfactory conditions is carried out to determine the most critical unsatisfactory performance for the mine haulage 
drift. 
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1. Introduction 
Sublevel stoping method with delayed backfill has been widely adopted by many Canadian metal 
mines.  In this method, ore is mined out in stopes (blocks), which are drilled and blasted. The blasted ore 
from each stope is mucked out with loaders and transported from a draw point to a nearby ore pass or 
dumping point.  As the haulage drifts are the only access where loaders and/or trucks travel through, they 
must remain stable during their service life. The stability of haulage drifts may be influenced by many 
factors such as the strength and quality of the rock mass, mining depth, and more importantly nearby 
mining activity.  As mines continue to reach deeper deposits, haulage drifts are expected to experience 
higher pre-mining stress conditions, thus suffering from more stability problems. The distance between 
haulage drifts and the stopes is another important factor affecting the stability of haulage drifts. It is 
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known that there exists a trade-off between the drift stability favoring long distance and mining costs 
favoring short distance. Mining sequence is another important factor affecting the stability of haulage 
drifts. Different mining sequences will result in different mining-induced stresses, which in turn, will have 
varying influence on the drift stability condition. Other factors are the dip and thickness of orebody and 
the geometry of haulage drift (e.g. shape and size). As reported in Canadian underground mines, the width 
and height vary between 4 m to 5 m.  In deep hard rock mines, the rockmass is highly stressed and 
excavations will often become unstable. Appropriate support measures to control these instabilities must 
then be adopted to support rockmass in a safe manner. In underground mining, rock support systems are 
traditionally classified as primary and secondary (or enhanced). Primary supports are installed during the 
initial stages of drift development and consist primarily of rock bolts, rebars, Swellex and Split-Set. 
Secondary or enhanced supports include cable bolts, modified cone bolts, lacings and shotcrete liners, and 
are installed to help the drift sustain the additional stress and deformation changes caused by the 
extraction of nearby mining blocks. 
1.1. Study Problem 
To examine the stability of haulage drift, a typical section is done in the #1 Shear East-Orebody of 
Garson Mine, Vale, Sudbury, Ontario.  The study zone is divided into three zones; hanging wall, orebody 
and footwall.  The orebody consists of massive sulphide rock (MASU).  Six stopes each one  10 m wide  
by 30 m are modeled to simulate the ore extraction. The hanging wall contains Meta sediments (MTSD) 
and the footwall comprises of Norite rock (NR).  The haulage drift is driven in the footwall and its 
dimensions are 5 m by 5 m with slightly arched roof as shown in Figure 1 below. The drift primary 
support system uses 2.40 m long, Grade 60, 3/4 inch resin grouted rebars in the drift roof, and 1.8 long in 
the sidewall 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Model geometry and its dimensions 
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Rock mass properties (Table 1) and in-situ stress values (Table 2) are obtained from a study conducted by MIRARCO [1]. The 
geomechanical properties of the rock mass and in situ stress fields used in the numerical modeling study are given in Tables 1 and 2 
respectively below: 
Table 1.  Model geomechanical properties 
 
 
 
 
 
  
 
 
Table 2. In-situ stress values at a depth of  5100 ft 
 
 
 
 
 
 
 
2. Probabilistic methods 
Due to the heterogeneity of the rock mass, the collected data from underground excavations are limited.  
Therefore, a great deal of uncertainty is inherent in the design of underground excavations.  In order to 
develop a reliable design approach, one must use methods that incorporate the statistical variation of the 
numerical model input parameters representing the rock mass properties, i.e. mean, variance and standard 
deviation, as well as the design of rock failure criteria [2]. 
To quantify the uncertainty related to the model input parameters, three possible ways can be used: 
deterministic analysis, sensitivity analysis, and simulation approach. In deterministic analysis, average 
values of the variables are used as inputs for the simulation model. However, the single values do not give 
any information about the variability of the input variables.  In a sensitivity analysis, a single parameter is 
systematically varied while all the other parameters are kept constant. The sensitivity analysis provides an 
understanding of the effect of each parameter on the overall behavior of the model; however, it produces 
an output with limited practical use. The simulation approach is known as stochastic or probabilistic 
methods. These methods are used to quantify the uncertainty of drift stability which results from the 
inaccuracy of underground properties such as Young’s modulus, cohesion, friction angle and in situ 
stresses. One of the most popular stochastic methods, which is used here in this study, is random Monte-
Carlo (RMCS). In this method, material properties vary spatially within the same region; example varying 
the cohesion and friction angle properties spatially within the footwall by randomly assigning values from 
a defined distribution to zones within the region [3]. 
Rock mass property Hanging Wall Orebody          Footwall Backfill 
Density (kg/m3) 2782 4531 2916 2000 
UCS (MPa) 90 90 172 3 
E (GPa) 25 20 40 0.1 
Poisson’s ratio,  0.25 0.26 0.18 0.3 
Cohesion, C (MPa) 4.8 10.2 14.13 1 
Tensile strength, σt (MPa) 0.11 0.31 1.52 0.01 
Friction angle, ϕ (deg) 38 43 42.5 30 
Dilation angle, Ψ (deg) 9, ϕ/4 11, ϕ/4 10.6, ϕ/4 0 
Principal stress Magnitude, MPa Orientation K 
σ1 66 EW 1.8 
σ2 56 NS 1.16 
σ3 39 Vertical  
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3. Failure definition and criteria for the evaluation of drift stability 
Stability can be defined as the behavior of rock mass related to its "likelihood of being fixed in 
position" (Webster's dictionary). In hard rock stability means, leaving an opening or part of it unsupported 
or with little support system.  In poor ground conditions, there is always a continuous need to use of 
support or lining to achieve and maintain stability. In contrast, yielding, may cause instability conditions 
and, can be defined as “loss of strength” or “lack of being fixed in position” [4]. 
Two evaluation criteria were used in this study. They are: the extent of yield zones, and brittle shear 
failure. These are used to assess the modeled haulage drift performance.  
3.1. Extent of yield zones 
Yielding is the most common criterion used in numerical modelling when elastoplasticity is employed. 
The condition of yielding is reached when the stress state reaches the surface of the yield function, which 
is when the rock is loaded beyond its elastic limit. Thus, this criterion is used to estimate drift instability 
or unsatisfactory performance.  In this investigation, the Mohr-Coulomb yield function is adopted and 
elastoplastic behavior of the rock mass is used [5]. Further, yielding will be considered a cause for drift  
unsatisfactory performance if it extends beyond a certain depth into the roof. It is assumed that the resin 
grouted rebar of 2.40 m requires at least 30 cm (or 12 inches) of anchorage to hold the unstable roof in 
suspension mode. A rule of thumb is being used herein and that is the resin grouted rebar can carry 
between 1 and 1.5 ton per inch length of the bolt. Thus, a 12-inch (30 cm) is considered in this 
investigation as an anchorage length. Based on the support system practiced at Garson Mine, the length of 
primary support on the roof and sidewalls (for openings of width ≤ 18 ft) is 6-ft rebar (1.8 m). Based on 
that, the drift unsatisfactory performance occurs when the extent of yield zones becomes > 1.5 m since 
insufficient anchorage length is available beyond the yield zone.  
3.2. Brittle shear failure 
The brittle shear failure around openings occurs in the form of spalling or fracturing.  According to 
Martin [6], the initiation of brittle failure occurs when the damage index, Di, expressed as the ratio of the 
maximum tangential boundary stress to the lab unconfined compressive strength, as given in equation 1 
below,  exceeds 0.4.  
 
Di = σθ/UCS                                                                                                                                                 (1) 
When the damage index exceeds this value, the depth (length) of brittle shear failure around haulage 
drift can be estimated using strength envelope based only on cohesion (in terms of the Hoek-Brown 
parameters with m=0).  The brittle failure process is dominated by a loss of the intrinsic cohesion of the 
rock mass. Martin [6], showed that, the damage initiates and the brittle shear failure depth could be 
obtained when (σ1-σ3) =1/3σc.  He reported that, this failure in uniaxial lab tests obtained when the 
difference between induced stresses reaches 0.25 to 0.5σc. In this study, the performance of haulage drift 
will be considered unsatisfactory when (σ1-σ3)/σc > 0.6, and when the length of brittle shear >1.5 m thus 
leaving less than 0.3 m of resin anchorage of the 1.8 m rebar. 
4. Numerical Modelling 
This section is divided into two parts, the deterministic model and the random simulations.  Numerical 
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modelling is performed using Itasca's FLAC software [7].  All mean values  of rock mass are used in the 
deterministic model.  Whilst, means and standard deviations are used to perform random simulation.  
4.1. Deterministic Model 
The deterministic model is done using finite difference code software (FLAC) [7], to represent a 
typical section in the #1 Shear-East zone orebody of Garson Mine, Vale, Sudbury, Ontario.  Only the 
region around haulage drift is discretized to be a dense grid as shown in Figure 2. Three different rock 
types representing hanging wall, orebody and footwall are simulated. The haulage drift is driven in the 
footwall and its dimensions are 5 m by 5 m with slightly arch- shaped roof. The distance between the 
haulage drift and the orebody is 15 m.  Six stopes are extracted in the sequence with delayed backfill. 
4.1.1. Extent of yielding 
Deterministic model results are shown in Figures 3 and 4. These represent the development of yield 
zone around the haulage drift due to the effect of mining extraction.  It can be seen from Figure 3b and 3c, 
mining and filling stopes 1 and 2 cause yield zones around the haulage drift. These zones extend to a 
maximum distance of 2.25 m (after excavating stope 3), as listed in Table 3, in the drift left sidewall (LW). 
 
 
Figure 2. FLAC numerical model setup of haulage drift and six nearby stopes  
 
   
a) After excavating drift b) After excavating stope 1 c) After excavating stope 2 
  
d) After excavating stope 4 e) After excavating stope 6 
Figure 3. Progression of yield zones with modelling mining sequence (Deterministic Model) 
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As the mining of the same-level (level 5100 ft) stope proceeds, the yield zones, as shown in Figure 3d 
and 3e for upper stopes 4 and 6,  extend significantly on the left sidewall of haulage drift; the maximum 
length of this yielding reaches to a distance of 15.07 m (after excavating stope 6).  For this drift size (5 m 
x 5 m), this progression of yielding depth greatly exceeds the support length of 1.8 m. The extent of 
yielding in the roof, left wall (LW) and right wall (RW) after each mining sequence is reported in Table 3.  
Table 3. Extent of yield zones at different mining stages 
(Deterministic Model) 
 
Mining stage Extent of yield zones, m 
 Roof LW RW 
0 (Drift excavation) 0.67 1.09 1.14 
1(Stope 1 excavation) 0.80 1.65 1.09 
2(Stope 2 excavation) 1.14 1.67 1.12 
3(Stope 3 excavation) 1.15 2.25 1.11 
4(Stope 4 excavation) 1.63 5.04 1.12 
5 (Stope 5 excavation) 1.68 5.02 1.09 
6 (Stope 6 excavation) 2.80 15.07 1.11 
 
 Figure 4. Mining sequences vs. extent of yield zones 
(Deterministic Model) 
4.1.2 . Depth of brittle shear failure  
 Brittle shear failure forms V-notched shape in high compression zones. The criterion is applied to the 
drift under study and the results are shown graphically in Figure 5. However, outside these notch regions, 
the rock mass is much less damaged. Thus, this can be helpful for support purpose; as only rock mass 
slabs inside the failure region need to be supported, and the length of rock support (e.g. bolt length) can 
be estimated based on the extent  (length) of  failure zone. 
  
  (a) After excavating drift   (b) After excavating stope 1 
  
  (c) After excavating stope 5   (d) After excavating stope 6 
                                                                      
Figure 5. Brittle shear failure ratio contours (Deterministic Model) 
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It can be seen from Figure 5 that, the ratio of brittle shear failure decreases away from the roof. With 
mining progression, shear failure is clustered around the drift corners.  The depth of failure associated 
with brittle shear failure ratios of 0.6 to 0.3 are reported in Table 4.  
Table 4. Length and ratio of brittle shear failure on the drift back at different mining stages (Deterministic Model) 
Drift stope 1 stope 2 stope 3 stope 4 stope 5 stope 6 
Depth, 
m 
Ratio Depth, 
m 
Ratio Depth, 
m 
Ratio Depth, 
m 
Ratio Depth, 
m 
Ratio Depth, 
m 
Ratio Depth, 
m 
Ratio 
0.6 0.6 0.66 0.6 0.83 0.6 0.32 0.7 0.54 0.4 2.83 0.3 2.7 0.3 
1.78 0.5 1.55 0.5 1.63 0.5 1.3 0.6 2.72 0.3 16.5 0.2 14.05 0.2 
2.65 0.4 2.42 0.4 2.63 0.4 2 0.5 18.4 0.2     
4.48 0.3 4.49 0.3 5.8 0.3 3.73 0.4       
      14.66 0.3       
  
   
   
                  a) Mining sequence vs. ratio of brittle shear failure       b) Mining sequence vs. ratio  and length of brittle shear failure 
 
 
 
c) Depth of brittle shear vs. its corresponding ratio   
 
Figure 6. Brittle shear failure around haulage drift back (Deterministic Model) 
 
From Figure 6,  the maximum ratio of brittle shear is 0.7, which corresponds brittle length of 0.32 m 
and occurs after mining stope 3. This ratio decreases to reach 0.2 (after stopes 5 and 6 are extracted) with 
depths of 16.5 m and 14.05 m respectively. In this study, unsatisfactory performance of the haulage drift 
occurs when: 
 (σ1-σ3)/UCS >0.6. 
 LBrittle shear >1.5 m. 
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4.2. Stochastic and Random FLAC model 
Random Monte-Carlo technique is adopted to carry out this simulation. It includes varying the material 
properties spatially within the same region. Random material properties of footwall (due to its close 
proximity to the shear zone orebody and the dyke) were assigned using an inbuilt function in FLAC.   The 
means and standard deviations of these values were picked from a normal distribution. Hundred runs were 
performed to analyze the performance criteria of the model output; extent of yield zones, and brittle shear 
failure.  
Based on the parametric study that has been conducted, the most influencing model input parameters 
are Young's modulus (E), cohesion (C), angle of internal friction (Φ), and horizontal-to-vertical stress 
ratio (K). In this study, only two footwall parameters were considered, cohesion (C) and friction angle (Φ) 
as shown in Table 5 below. 
Table 5. Random properties for footwall rock 
 
 
 
 
   
4.2.1. Stochastic results of yielding 
As introduced above from deterministic model results, it is obvious that the maximum extension of 
yielding occurs in drift left wall (LW) and on its back, so only stochastic analyses using Random FLAC 
MCS, for the left wall and back will be introduced here as shown in Figure 7 below. As mentioned before, 
(section 3.1 extent of yield zones), the yielding cut-off for performance function is 1.5 m, as the 
anchorage length of primary support is  considered to be 12-inches (30 cm). 
  
  a) After excavating drift (LW)   a) After excavating drift (Back) 
Rock mass property Mean 
(µ) 
Standard deviation 
(SD) 
Coefficient of variation 
(COV) 
Cohesion (C), MPa 14.13 2.83 0.20 
Friction angle (Φ), deg 42.5 8.5 0.20 
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b) After excavating stope 3 (LW)   b) After excavating stope 3 (Back) 
  
c) After excavating stope 6 (LW) c) After excavating stope 6 (Back) 
Figure 7. Probability of occurrence of yielding zones around drift back and left wall with cut-off 1.5 m (Stochastic Model) 
It is clear from all these lognormal distributions that, as mining proceeds the progression of yielding 
depth increases (e.g. lateral shift of cut-off "red marked circle" towards the vertical axis of probability of 
occurrence), on the other meaning, increase in the area under distribution curves.  Average lengths of 
yielding zones around haulage drift are listed in Table 6 and plotted as shown in Figure 8 below: 
Table 6. Average extent of yield zones at different mining 
sequences (Random FLAC Model) 
 
Mining sequence Average length of yield zones, m 
RW Roof LW 
0 (Drift excavation) 1.15 1.38 1.33 
1(Stope 1 excavation) 1.17 1.36 2.01 
2(Stope 2 excavation) 1.21 1.42 2.1 
3(Stope 3 excavation) 1.41 1.58 2.82 
4(Stope 4 excavation) 1.42 1.83 5.78 
5 (Stope 5 excavation) 1.43 2.07 7.75 
6 (Stope 6 excavation) 1.44 2.98 15.01 
 
  Figure 8. Mining sequences vs. extent of yield zones 
(Stochastic Model) 
 
As be seen from Figure 8, the deepest extent of yielding zones is located around the drift left wall and it 
reaches up to 15 m after excavating stope 6. Whilst, the minimum extension is found around the right 
wall and extends up to 1.4 m at final stage (after excavating stope 6). Probability of unsatisfactory 
performance  is estimated for these lognormal distributions at cut-off 1.5 m of yielding, and the areas 
under these curves (e.g. which represent the probability of unsatisfactory performance) were obtained 
from Z-tables (standardized normal variate ) after transforming lognormal to standardized normal variate 
as listed in Table 7 and shown in Figure 9 below: 
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Table 7. Probability of unsatisfactory performance at different 
mining sequence (Random FLAC MCS Model) 
 
Mining sequence Probability of unsatisfactory 
performance , % 
RW Roof LW 
0 (Drift excavation) 1.25 30.5 24.51 
1(Stope 1 excavation) 3.36 31.92 92.79 
2(Stope 2 excavation) 7.49 35.94 95.54 
3(Stope 3 excavation) 35.2 53.19 99.82 
4(Stope 4 excavation) 35.57 80.23 100 
5 (Stope 5 excavation) 36.69 95.25 98.54 
 (Stope 6 excavation) 38.97 99.99 100 
 
  Figure 9. Probability of unsatisfactory  performance of haulage 
drift at     cut-off 1.5 m of yielding (Random Model) 
 
In terms of probability of unsatisfactory performance, Figure 9 depicts the relation between mining 
sequence and probability of unsatisfactory performance for back and sidewalls of drift. It can be seen that, 
the minimum probability of unsatisfactory performance is 1.25% (RW) after excavating drift. As mining 
activity continues ( excavate stope 1), and it increases  with mining progression to reach 100% in the left 
wall (LW) of haulage drift (at the final stage). There is utmost need to use enhanced (secondary) support 
in the left wall and back of drift to maintain stability and required performance. The likelihood descriptors 
are listed in Table 8 below: 
Table 8. Suggested ratings of likelihood and rankings of probability of occurrence 
Rating Likelihood Ranking Probability of Occuring 
1 Rare <5% May occur in exceptional circumstances 
2 Unlikely 5% - 20% Could occur at some time 
3 Possible 20% - 60% Might occur at some time 
4 Likely 60% - 85% Will probably occur in most circumstances 
5 Certain 85% - 100% Expected to occur in most circumstances 
 
     Based on Table 8, for RW; the likelihood rating is 3 "possible". For roof; the rating also is 3 "possible" 
until excavating all lower three stopes, then with mining sequence the rating falls under the category of 
"likely  to "certain" after excavating upper three stopes (stope 4 to 6). For LW, the probability of 
unsatisfactory performance is "possible" after excavating drift, then it becomes "certain" after excavating 
stope1. With the aid of probability of unsatisfactory performance, one can determine where (location) and 
when (mining sequence)  enhanced support is required in the haulage drift. 
4.2.2. Stochastic results of brittle shear 
As mentioned before  (section 4.1.2.), the  unsatisfactory performance of haulage drift reaches when: 
 (σ1-σ3)/UCS >0.6. 
 LBrittle shear >1.5 m. 
 
The stochastic analyses for the above two conditions, are done, as shown in Figure 10. It is clear from 
all these lognormal distributions that as mining proceeds, the extension of brittle shear failure increases.  
Whilst, the ratio of brittle shear decreases far away from the roof. The average lengths and ratios of brittle 
shear are tabulated in Table 9 and shown in Figure 11. As can be seen, from Figure 11 (a) that the brittle 
shear initiates after excavating drift and continues to increase to 0.65 after excavating stope 3, then it 
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drops sharply to be 0.29 after excavating stope 6.  Probability of unsatisfactory performance for the brittle 
shear is listed in Table 11 above and shown in Figure 12. 
 
  
 a) After excavating drift (ratio) a) After excavating drift (length) 
  
b) After excavating stope 3 (ratio)  b) After excavating stope 3 (length) 
  
c) After excavating stope 6 (ratio) c) After excavating stope 6 (length) 
Figure 10. Probability of occurrence of ratio (left) and length (right) of brittle shear (Stochastic Model) 
Table 9. Average lengths and ratios of brittle shear at different 
mining sequences (Random FLAC Model) 
Mining 
sequence 
Random FLAC Model 
Ratio Length, m 
0 (Drift excavation) 0.58 0.75 
1(Stope 1 excavation) 0.58 0.79 
2(Stope 2 excavation) 0.59 0.87 
(Stope 3 excavation) 0.65 0.81 
4(Stope 4 excavation) 0.37 1.09 
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Table 10. Probability of brittle shear failure at different mining 
stages 
 
5 (Stope 5 excavation) 0.31 2.64 
6 (Stope 6 excavation) 0.29 2.85 
Mining 
sequence 
Probability of 
unsatisfactory  
performance , % 
Length >1.5 
m Ratio >0.6 
0 (Drift excavation) 4.55 33 
1(Stope 1 excavation) 3.67 34.09 
2(Stope 2 excavation) 2.12 39.36 
3(Stope 3 excavation) 6.06 82.89 
4(Stope 4 excavation) 21.19 0.02 
5 (Stope 5 excavation) 96.25 0 
6 (Stope 6 excavation) 100 0 
a) Average ratios of brittle shear 
 
 
 
    
b) Average lengths of brittle shear 
 
Figure 11. Mining sequences vs. average ratios and lengths of 
brittle shear (Stochastic Model) 
 
  
  
Figure 12. Probability of unsatisfactory performance of drift at cut-off 1.5 m length (left) and  ratio of 0.6 (right) of brittle shear   
(Random Model) 
     Based on Table 8, and according to the results listed in Table 10, the probability of unsatisfactory 
performance for the ratio of brittle shear >0.6 is "possible" until stope 2. However, after excavating stope 
3 the probability of unsatisfactory performance  becomes "certain". So, drift needs enhanced support  
before excavating stope 3. If we consider the length of brittle shear is critical parameter that governs 
failure process rather than its ratio, so the failure is "certain" after excavating stope 5.  So that, drift 
enhanced support is required before starting to excavate stope 5. 
5. Conclusion 
      This paper presents the results of a stepwise methodology to evaluate the drift performance due to 
interaction between haulage drift and nearby mining activity related to sublevel stoping method with 
delayed backfill, one of the most popular mining methods in Canadian underground metal mines. The 
methodology used to implement probability of unsatisfactory performance in drift stability modelling is 
presented using Random FLAC Monte-Carlo (RMCS). Two unsatisfactory performance criteria were 
adopted, extent of yield zones, and brittle shear failure. A minimum resin embedment length of 30 cm 
was taken for Grade 60, ¾ -inch (19 mm) resin grouted rebar to reach the 132 KN full capacity. Thus, 
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when the extent of yielding or brittle shear failure ratio of 0.6 exceeds 1.5m, the drift performance is 
considered unsatisfactory. The highest probability of unsatisfactory performance was found in the left 
wall of the drift (facing the orebody) as mining progresses. The highest probability of unsatisfactory 
performance was obtained after excavating stope 3 (lower stopes) at ratio equals 0.65. Whilst, the drift 
stability deteriorates as mining advances as length of brittle shear extends and probability of 
unsatisfactory performance becomes  "certain "after excavating stope 6. These results suggest the need 
for enhanced support system before the extraction of the third stope. 
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